N anostructured platinum (Pt) is an efficient catalyst for fuel cells as well as various industrial chemical reactions (1) (2) (3) (4) , but its high cost impedes its large-scale commercialization (5-7). The most successful catalysts for boosting the activity of catalysts for the oxygen reduction reaction (ORR) on a per-Pt-atom basis have been PtM alloy nanoparticles (NPs) (where M has been Ni, Co, or Fe, among other metals) with a Pt-skin surface (core-shell structure). However, the formation of either a disordered PtM core or nonuniform Pt-skin layer (8) (9) (10) (11) (12) (13) (14) usually results in poor electrocatalytic stability after long-term voltage cycling.
In general, tuning or optimizing the oxygen adsorption energy through adjusting the compressive strain of the Pt surface is believed to be an effective approach to improve the ORR activity (15, 16) . Ordered intermetallic phases with high transition metal content can be used to provide better control over the compressive strain effect for optimized catalysis (17) . The optimal compressive strain to Pt (111) facet in PtM/Pt core/ shell NPs is particularly necessary for boosting ORR catalysis. The tensile strain on the Pt (111) facet is usually believed to be undesirable because such surface strain will result in overly strong binding of the oxygen species to the surfaces during the catalysis process. Although the activity enhancement has been demonstrated in the core/shell electrocatalyst with a Pt monolayer shell (causing limited durability) and an intermetallic PtPb core (18) , the control over the stable and active facets of Pt shell onto PtPb core, and the investigation of strong tensile strain for ORR enhancement have not been explored.
We report on a class of highly uniform PtPb/Pt core/shell nanoplates with large biaxial tensile strain for boosting ORR. Rather than use compressive strain to optimize the oxygen adsorption energy, we show that at a very high tensile strain, the Pt (110) plane located outside the nanoplates can exhibit the superior electrocatalytic activity for ORR (19, 20) . By integrating the strong tensile strain of PtPb to Pt (110) facet along [100] direction with thin two-dimensional (2D) morphology and intermetallic phase (ensuring high chemical stability), the as-prepared nanoplate can deliver specific and mass activities for ORR that are 33.9 and 26.9 times greater than those of the commercial Pt/C catalyst (8, 21, 22) . The PtPb nanoplates show negligible activity decay and no obvious structure and composition changes after a 50,000-cycle electrochemical accelerated durability test (ADT). They are also extremely active and stable for anodic oxidation reactions, largely outperforming those based on the PtPb NPs and the commercial Pt/C in both methanol oxidation reaction (MOR) and ethanol oxidation reaction (EOR).
We synthesized PtPb/Pt core/shell hexagonal nanoplates in nonaqueous conditions using platinum (II) acetylacetonate [Pt(acac) 2 ] and lead (II) acetylacetonate [Pb(acac) 2 ] as the metal precursors, oleylamine (OAm)/octadecene (ODE) mixture as solvents and surfactants, and ascorbic acid (AA) as the reducing agent [details in the supplementary materials (23) ]. The structure of nanoplates was characterized by transmission electron microscopy (TEM) and high-angle annular dark-field scanning TEM (HAADF-STEM). The as-prepared hexagonal nanoplates were the dominant product, with monodisperse edge length of~16 nm and the synthetic yield approaching 100% (Fig. 1, A and B) . The thickness of PtPb nanoplates was determined to be 4.5 ± 0.6 nm by analyzing the nanoplates vertical on the TEM grid ( fig. S1 ). The overall Pt/Pb composition, measured by inductively coupled plasma atomic emission spectroscopy (ICP-AES), was 55.9/44.1 (Pt/Pb), consistent with the TEM energy-dispersive x-ray spectroscopy (TEM-EDX) result (Fig. 1C) .
Powder x-ray diffraction (PXRD) pattern of the PtPb nanoplates showed that they were highly crystalline with intermetallic PtPb phase [Joint Committee on Powder Diffraction Standards (JCPDS) no. 06-0374] (Fig. 1D and fig. S2 ). The selected-area electron diffraction (SAED) of a single PtPb nanoplate showed its single crystalline and was consistent with the diffraction pattern from the [001] zone axis of PtPb (P63/mmc) hexagonal phase (Fig. 1E ). However, a high-resolution TEM (HRTEM) image of the same nanoplate ( Fig.  1F ) revealed that the edge has a different crystalline structure with the interior. A few edge dislocations were also observed between the edge layer and the interior around the corners, which help to relax the misfit strain between the edge phases. The fast Fourier transform (FFT) patterns indicate a cubic phase at the edge layer and a hexagonal phase of the interior (see the insets of Fig. 1F ).
The elemental distribution of Pt and Pb at the nanoplates was characterized using STEM-electron energy-loss spectroscopy (EELS) mapping (Fig. 1G) , where the Pt (green), Pb (red), and combined (green versus red) images indeed confirmed the presence of a Pt edge layer around the PtPb core (Fig. 1G) . Considering the SAED, HRTEM, and STEM-EELS mapping results together, we can conclude that a Pt shell layer with a cubic phase (Fm-3m) formed at the edge, and the diffraction pattern of Fig. 1E can be interpreted as the overlapped diffraction patterns from the <110> zone axis of strained Pt phase and [001] zone axis of PtPb phase. The Pt shell thickness was determined to be about 0.8 to 1.2 nm (four to six atomic layers).
The abreaction-corrected HAADF-STEM imaging technique was further used to characterize the facets and interfaces of the PtPb nanoplates. The nanoplates were imaged from both the plate view and the side view ( Fig. 2A) . Figure 2B Pt edge layers, there were top (bottom)-Pt layers on the plane surfaces of nanoplates, forming the "perfect" core/shell structure. Thus, two types of interfacial planes formed in PtPb nanoplates: {010}PtPb//{110}Pt between the PtPb and the edge-Pt layer, and {001}PtPb//{110}Pt between PtPb and top (bottom)-Pt layer (atomic schematic model of Fig. 2G and figs. S3 to S6). Herein, the unique Pt {110} surface would be beneficial for ORR activity enhancement because Pt {110} facet has been demonstrated to be intrinsically more active than Pt {111} facet for the ORR in perchloric acid (24, 25) . The SAED, HRTEM, and selectedarea FFT analysis (figs. S4 to S6) further revealed that the top-Pt layers were fully coherent to the PtPb core, with an 11% compressive strain along the [01-1] Pt and a 7.5% tensile strain along [100] Pt , whereas in the edge-Pt layer, the [001] direction of Pt was fully confined within PtPb, resulting in a 7.5% tensile strain and little compressive strain (1.0%) along [110] Pt (fig. S3) .
The synthesis of 2D pure metal nanoplates is challenging because of the intrinsically isotropic growth behavior of metals (26) (27) (28) . Time-dependent composition and structure changes revealed that making intermetallic PtPb/Pt core/shell hexagonal nanoplates involved the initial formation of Pb 3 (CO 3 ) 2 (OH) 2 , the transformation of Pb 3 (CO 3 ) 2 (OH) 2 , the reduction of Pt species, and hereafter the interdiffusion to form structurally ordered intermetallic PtPb nanoplates (figs. S7 and S8). The use of AA as reductant is the key for the formation of wellorganized Pt atomic layers because during the synthetic process, AA can work as a weak acid for removing the Pb, allowing the Pt atoms to diffuse and rearrange at higher temperatures.
We performed a set of control experiments using a variety of synthetic parameters, such as precursor, surfactant, and reducing agent, to investigate how the different synthetic reagents affect the growth of the well-defined PtPb hexagonal nanoplates. The synthesis of well-defined PtPb/Pt nanoplates depended highly on the concentration of Pt and Pb precursors, the combined use of OAm to ODE, and the use of proper reducing agents (figs. S9 to S15). The concentration of AA also had to stay within a critical range to obtain a high yield of PtPb/Pt core/shell nanoplates ( fig. S14) , and PtPb hexagonal nanoplates could not be made by replacing AA with other reducing agents, such as glucose and citric acid ( fig. S15) .
The electrochemical properties of the PtPb nanoplates as well as PtPb nanoparticles that we synthesized (figs. S16 and S17) were studied and further benchmarked against the commercial Pt/C from Johnson Matthey (JM) (Pt/C, 20 weight % Pt on Vulcan XC72R carbon, Pt particle size 2 to 5 nm) ( fig. S18, A and B) . Before the electrochemical measurement, the PtPb nanostructures were uniformly deposited on a commercial carbon (C, Vulcan) support (figs. S19 and S20, named as PtPb nanoplates/C and PtPb nanoparticles/C) via the sonication of PtPb nanostructures and C solution. The products were further treated with the mixture of ethanol/acetic acid to remove the surfactant (29) . The inset of (Fig. 3A) . As shown in Fig. 3B and table S1 , the specific activity (SA) of PtPb nanoplates/C could reach 7.8 mA/cm 2 at 0.9 V versus reversible hydrogen electrode (RHE), 4.1 and 33.9 times greater than those of PtPb nanoparticles/C (1.9 mA/cm 2 ) and commercial Pt/C (0.23 mA/cm 2 ). The mass activity (MA) of PtPb nanoplates/C is 4.3 A/mg Pt at 0.9 V versus RHE, which is~9.8 times that of the 2020 U.S. Department of Energy target (30) , and places them among the most efficient bimetallic catalysts reported for ORR (8, 21, 22) .
The electrochemical durability of the PtPb/Pt core/shell nanoplates was evaluated at the potential between 0.6 and 1.1 V versus RHE in 0.1 M HClO 4 solution. Figure 3C shows the ORR polarization curves of the PtPb nanoplates/ C before and after 10,000, 20,000, 30,000, 40,000, and 50,000 potential cycles. After 50,000 sweeping cycles, there was almost no shift in ORR polarization curves and only 7.7% loss of mass activity for the PtPb nanoplates (Fig. 3D) . However, under the same condition, the PtPb nanoparticles/C showed a large negative shift in ORR polarization curves ( fig. S21A ) and 37.0% loss of mass activity (Fig.  3E) . The commercial Pt/C showed a much larger negative shift in ORR polarization curves ( fig.  S21B ) with 66.7% loss of mass activity (Fig. 3F) . The structures of the catalysts before and after the durability tests were characterized by TEM, SEM-EDX, HRTEM, elemental mappings, and extended x-ray absorption fine structure (EXAFS) (figs. S19, S22, and S23), showing that there was negligible change on the morphology and composition of the PtPb nanoplates (figs. S19, G to I, and S22, D to F) and Pt-Pt atomic distance ( fig. S23 ) after long-term cycles. Under the same condition, the PtPb nanoparticles show noticeable morphology and composition changes ( fig. S20,  C and D) , and the commercial Pt/C catalyst exhibited large size changes and substantial aggregation after 50,000 cycles ( fig. S18, C and D) . We think that the high catalytic stability of PtPb/ Pt core/shell nanoplates originates from their special structure, in which the well-defined Pt shell can hinder the loss of interior transition metal through the place-exchange mechanism during electrochemical condition and thus improve their ORR durability, which is hardly afforded by the previously reported PtPb/Pt core/shell structures suffering from the typical electrocatalytic activity loss possibly due to their too thin Pt shell (18, 31) .
To understand the exceptional ORR performance of the core/shell PtPb/Pt nanoplates, we performed density functional theory (DFT) calculations for the oxygen adsorption energy (E O ) on the PtPb nanoplates. The ORR activity reaches the maximum at some optimal value of E O (32, 33) . For convenience, we shifted the optimal E O value to 0 eV and use DE O to represent the difference of a given E O value relative to this optimal reference. In general, both surface strain and ligand effect can influence the catalytic activity of a coreshell nanostructure, and they can be tuned by the variation of alloy composition in the core. We ignored the ligand effect because it is often negligible for a shell thickness >0.6 nm (34 (Fig. 4A) : the face-center cubic (fcc) hollow sites ("h"), the bridge sites in [001] direction ("b1"), and the bridge sites in [110] direction ("b2"). Both "b1" and "b2" sites consist of the low-coordinated surface atoms. We also calculated DE O on the flat (111) surface of Pt. The results of DE O calculations are reported in Fig. 4 , B to D.
The DE O values on the "h" sites were nearly optimal for a wide range of biaxial strains. The adsorbed oxygen atom was metastable when the tensile strain in [001] direction was relatively small or the compressive strain in [110] direction was relatively large. In both cases, the Pt-O binding was much weaker on the "h" sites than their adjacent "b2" sites (Fig. 4, B and D) and the diffusion barrier was <0.05 eV from an "h" site to a "b2" site. Thus, the "h" sites under such biaxial strains did not contribute meaningfully to the overall ORR. However, under large tensile strain of 7.5% in [001] direction or a small compressive strain of 1% in [110] direction, the "h" sites became catalytically active and their DE O values were comparable to those on the "b2" sites. Thus, the "h" sites on the edge-Pt surface of the nanoplates were stable and active for ORR. The "b1" sites were not active for large tensile strains in [001] direction and were not responsible for the ORR performance of the nanoplates (Fig. 4C) . On the "b2" sites, the Pt-O bond was usually strong and could poison the catalyst. However, the strong Pt-O binding could be weakened by tensile strains in [001] direction (Fig. 4D) and the "b2" sites became catalytically active under a large tensile strain of 7.5% in [001] direction. Because DE O values were insensitive to the strain in [110] direction, the "b2" sites were active for ORR at both the top-Pt and edge-Pt surfaces. We attribute the high ORR activity of the PtPb/Pt core/ shell nanoplates to the active "h" and "b2" sites under the appropriate large biaxial strains. It is generally believed that in M/Pt core/shell catalyst, the compressive strain can weaken the Pt-O binding on Pt (111) surface and increase the ORR activity (34) (35) (36) , and low-coordinated surface atoms have stronger Pt-O binding, lowering the ORR activity (37, 38) . However, our DFT calculations show that the tensile strains on Pt (110) facet can also increase the ORR activity and that the low-coordinated surface atoms ("b2") can be activated by large tensile strains.
The PtPb/Pt core/shell nanoplates reported herein also show high electrocatalytic activity and stability toward anodic fuel cell reactions such as methanol oxidation reaction (MOR) and ethanol oxidation reaction (EOR). As shown in figs. S24 to S26 and table S2, the PtPb nanoplates/C exhibit the MOR mass activity of 1.5 A/mgPt, 2.4 times and 7.9 times higher than those of PtPb nanoparticles and Pt catalysts, respectively, as well as higher stability. For EOR, it displays the specific activity of 2.5 mA/cm 2 and mass activity of 1.4 A/mg Pt, 1.9 and 2.5 times greater than those of PtPb nanoparticles/C, and 10.4 times and 8.8 times higher than those of the commercial Pt/C ( fig.  S24 and table S3), as well as greater stability (figs. S24 to S26). [001] directions for the "h" site (B) and the "b1" site (C), and the "b2" site is plotted in (D). The optimal DE O value is set to be 0. DE O value falling into the shaded region implies a higher ORR activity than that on the flat Pt (111) surface.
